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APPARATUS AND METHOD FOR GENERATING TORQUE 

Background of the Invention 

[0001] This invention relates to the field of torque generation and, more 

particularly, to torque generators for use in motor vehicles. Such torque generators are 
used, for example, as drivers for brake-by-wire systems and power steering systems. 
These torque generators comprise an electric motor and a power supply, typically a 
shared 1 2-volt battery. 

[0002] Many compromises must be made in the course of designing a new 

torque generator. They arise out of conflicting cost, performance and geometrical 
requirements, and may involve consideration of a myriad of miscellaneous matters, such 
as manufacturing cost, reliability, maintainability, safety, environmental impact, etc. 
Even conflicting intellectual property rights may be thrown into the mix. Additionally, 
the designers of a new torque generator for use in a motor vehicle must consider 
matters peculiar to the automotive industry, such as customer preferences, industry 
standards and governmental regulations. 

[0003] Thus the design of a state-of-the-art torque generator is a daunting task, 

particularly in the case of torque generators for automotive application. This is due, at 
least in part, to pervasive, widespread use of 1 2-volt DC electrical systems in motor 
vehicles. At least within the United States, 12 V systems have become standard. This 
has led to wide availability of 12 V electrical components at reasonable cost. It also 
creates a strong incentive to use 12 V components in torque generators for automotive 
application. Unfortunately, traditional 12 V motor designs are not able to meet conflicting 
performance and packaging requirements established by the automotive industry. 
[0004] Motors that meet free speed and maximum torque specifications require 

high levels of electrical current. Such currents are possible only if the field windings are 
fabricated from relatively large gauge, low resistance, (e.g. 30 mO) wire. The 
construction of such large gauge field windings consumes a relatively large amount of 
copper, thereby increasing the cost of the motor. The use of large gauge field windings 
also boosts the size of the motor package, so that miniaturization of the torque generator 
becomes more difficult. 
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[0005] It is customary to optimize the design of brushless DC motors so as 

perform efficiently in their intended applications. The design process involves selection 
of an input voltage and selection of a variety of parameters such as the back EMF, the 
winding inductance per phase, operating points for input voltage, and commutation angle 
for specific load characteristics. The result of the design is a motor having a 
speed/torque profile which minimizes power consumption during the expected principal 
use. 

[0006] The prior art includes small, brushless 12 V DC motors which are able to 

meet presently applicable torque requirements, except as to free speed There is a need 
for a small DC torque generator able deliver high free speed and also high torque, both 
at low current. 

Summary of the Invention 

[0007] The present invention contemplates generation of torque in a motor 

vehicle with the aid of a brushless DC motor, operable at two or more substantially 
different voltages, one being a "design voltage" for which the brushless DC motor, has 
been optimized and all others being alternate voltages. 

[0008] According to this invention, a brushless DC motor is supplied with power 

at the design voltage and runs at speed/torque combinations along a default 
speed/torque profile associated with the design voltage. The motor may also be run, 
albeit non-optimally, at each available alternate voltage. Each alternate voltage has an 
associated alternate speed/torque profile. There is a switch having input terminals for 
the design voltage and for each alternate voltage. When it is desired to run the motor at 
a speed/torque combination not on the default profile, the switch is operated to power 
the motor by an alternate voltage having a speed/torque profile passing through the 
coordinates of the speed/torque combination of interest. 

[0009] Preferably, the alternate voltages are obtained by conversion from power 

supplied at the design voltage by a DC power source. Preferably the DC power source 
is a 12 V battery shared with other 12 V equipment. 
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[0010] A torque generating apparatus according to this invention includes a DC 

power source of voltage Vs; a DC/DC converter connected to the DC power source and 
adapted to convert DC power at voltage Vs to DC power at an alternate voltage Va, a 
brushless DC motor design optimized for operation at the voltage Vs; the brushless DC 
motor being responsive to power at a voltage Vs by achieving speed/torque 
combinations falling on a default speed/torque profile defining optimal operation of the 
brushless DC motor, and the brushless DC motor being further adapted to achieve 
speed/torque combinations not falling on the default speed/torque profile by operating at 
the alternate voltage Va, and a switch adapted to put the brushless DC motor selectively 
into communication with either the DC power source or the DC/DC converter. 
[0011] A method of applying torque to a motor vehicle according to the invention 

includes the steps of: acquiring a brushless DC motor, design optimized for operation at 
speed/torque combinations along a default speed/torque profile when activated by a 
source voltage Vs, and able to reach selected alternate speed/torque combinations not 
on the default speed/torque profile when activated by an alternate voltage Va, selecting 
a voltage from the group consisting of Vs and all of the Va, and operating the motor at 
the selected voltage. 

[0012] Accordingly, it is an object of the present invention to supply torque to an 

automotive accessory optimally along a default speed/torque profile, while retaining an 
ability to supply torque to the automotive accessory at a different speed/torque 
combination not on the default speed/torque profile. 

[0013] Another object of the invention is to provide an improved torque generator 

which is deliverable in a small package optimized for automotive use, and able to 
produce a range of speed/torque combinations of greater diversity than previously have 
been available in a single motor. 

[0014] Other objects and advantages of the invention will be apparent from the 

following description, the accompanying drawings and the appended claims. 

Brief Description of the Drawing 

[0015] Fig. 1 is a sketch showing the effect of applied voltage upon achieved 

speed/torque. 

[0016] Fig. 2 is a sketch of a speed/torque profile. 
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[0017] 



Fig. 3 is a sketch of one embodiment of a torque generator according to 



the invention. 



[0018] 



Fig. 4 illustrates the invention in an alternative embodiment. 



Detailed Description 



[0019] 



This invention provides an improved torque generator which may take the 



form of torque generator 10 of (Fig. 3), deliverable in a small package optimized for 
automotive use, and able to produce a range of speed/torque combinations of greater 
diversity than previously have been available in a single motor. This versatility is 
achieved by providing a DC/DC converter 32 to make selective upward adjustment of 
the system voltage of a small 12 V, brushless, DC motor, such as motor 36 of Fig. 3. 
This enables the motor to operate with the required response while meeting both the 
packaging and current consumption requirements. Raising the voltage of a given motor 
increases the motor power, providing higher speed for a given torque. Shown in Fig. 1 is 
the effect of raising the voltage of a motor designed for 12 V operation, neglecting 
current limits and saturation effects. 

[0020] Referring now to Fig. 1 , there is drawn a slanted line 20 approximately 

representing a speed/torque profile for a motor, optimally designed for operation at 12 V 
and also running at 12 V. Further drawn on Fig. 1 are three other lines 20a, 20b and 22. 
Lines 20a and 20b are speed/torque profiles for the same motor running at 24 V and 36 
V, respectively. Line 22 represents a speed/torque profile for a motor optimally designed 
for operation at 36 V and running at 36 V. The latter line is shown for comparison. 
[0021] Varying the system voltage allows motor performance to be adjusted 

continuously, so as to provide unconventional speed/torque profiles. This is useful, for 
example, in limiting motor temperatures during handling of certain loads. A hypothetical 
example is illustrated by line 15 on Fig. 2. When reduced performance is acceptable the 
system operates at a lower voltage level, minimizing converter losses. The optimized 
system design will operate at 12 V (converter off) at maximum torque to keep peak 
current low. In case thermal issues are not a concern, the motor system may be 
operated to perform similarly to a motor of conventional 36 V design. 
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[0022] A variable voltage controller allows the motor to be operated at constant 

power over its entire speed range. If voltage is increased as speed and back emf 
increase, the current can remain constant at the 12 V stall level. This implies an 
increase in current drawn from the vehicle for low load conditions but offers a system 
with improved performance. Component utilization is improved since the system has 
the ability to operate at max current over a larger portion of the speed range. In addition, 
components used in the motor controller can be conventional 60 V devices and still meet 
load dump requirements since the input voltage is controlled. 
[0023] Fig. 3 illustrates a torque generator 10, configured to embody the 

invention in a simplified form. Referring now to Fig. 3, attention is directed toward motor 
36, which is optimized to run at speed/torque combinations indicated by a default 
speed/torque profile 15 of Fig. 2. when operated at its design voltage of 12 Volts. While 
motor 36 runs optimally at 12 V, it may run, albeit non-optimally, at other voltage levels 
such as 24 V or 36 V to achieve performance as generally indicated by lines 20a, 20b of 
Fig. 1 . Motor 36, shown in Fig. 3 as a three-phase device, may be a single phase or 
other multi-phase motor. It is powered by a width-modulated square wave supplied by a 
motor controller 34. A suitable motor is described in detail in Fradella US Patent 
4,085,355. 

[0024] Those skilled in the DC motor art will be familiar with a number of 

techniques for optimizing the design of a brushless DC motor. One such technique is 
described in a paper by Javant G. Vaidya entitled "Optimization of Brushless DC Motor 
Design", Drives and Controls International June/July 1982 at P. 20 et. seq. Another 
pertinent reference along that line is an engineering handbook by Electro-Craft 
Corporation entitled "DC Motors, Speed Controls, Servo Systems", Expanded Third 
Edition, 1 975, especially at P. 2-60 

[0025] Power for the operation of motor 36 is supplied by a source 19, preferably 

a 12 V battery which is shared with other systems via a pair of terminals 30a, 30b. 
Source 19 supplies DC current at 12 V to a DC/DC converter 32, which may be a simple 
circuit such as the one illustrated in Fig. 3, or, alternatively, a somewhat more 
complicated circuit of a type as taught in Ling US 6,515,463 B2, Ying et at US 6,388,897, 
or Belson US 4,254,459. The Belson patent shows use of DC/DC converters in 
automotive applications. 
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[0026] The 12 V DC received by DC/DC converter 32 is converted into DC at 

another voltage having a level depending upon the inductance of an inductor 84. There 
is a FET 88, which functions as a switch and which is toggled by an ON/OFF signal at a 
gate terminal 86. When FET 88 is turned OFF, there is a DC flow through inductor 84, a 
diode 82 and a capacitor 80. This flow continues, until capacitor 80 is charged up to 12 
volts, the design voltage for motor 36. This causes transmission pf a 12 V DC signal to 
motor controller 34 for powering motor 36. When FET 88 is gated ON, motor controller 
34 sees 12 volts DC less a drop throughlnductor 84. That is the alternate voltage to be 
used for controlling the speed/torque combination of motor 36. 

[0027] Motor controller 34 draws power at 12 V DC from voltage source 19 and 

chops it to create a width-modulated square wave having a duty cycle corresponding to 
the voltage of the output from DC/DC converter 32. The width-modulated signal is 
applied to the windings of motor 36. 

[0028] It is a feature of this invention that the voltage necessary for operating the 

motor at speed/torque combinations not on the default speed/torque profile is obtained 
by boosting the design voltage used for normal, optimal operation. The voltage boost 
system can be implemented with various levels of complexity depending upon the 
performance needs. Unidirectional current flow may be implemented quite simply, as 
shown in the embodiment of Fig. 3. A four-quadrant system needs to manage bi- 
directional flow, if the generated energy exceeds the capability of the bus capacitors. An 
example of one implementation is shown in Fig. 4. Shown there is a brushless DC 
motor 46 controlled by a motor controller 44 to operate at a voltage level generated by a 
unidirectional DC/DC converter 48 and clamped by an over voltage clamp 50. 
[0029] While the forms of apparatus and the and the method herein described 

constitute preferred embodiments of the invention, it is to be understood that the 
invention is not limited to these precise embodiments and that changes may be made 
therein without departing from the scope of the invention. 
[0030] What is claimed is: 
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